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INTRODUCTION

The primary purpose of this report is to determine the ef~
fectiveness of remote sensing techniques in geologic mapping ap-
plications. This was accomplished by selecting an area of prev-
iously mapped geology and analyzing it with all réﬁote gensing
data available. The area selected for study was the northern
portion of the Mono Craters, Mono County, California, primarily
because data of all the major wavelength regions were available
when research for this report began in Septembet, 1966. Specific
areas of interest were field checked and samples collected in
April, August and October of 1967 in attempts to correlate local

geology with aircraft data, using quantitative analytical approaches.

I would like to acknowledge the assistance provided by
Dr, R. J. P. Lyon, who was responsible for obtaining the basic
Natignal Aeronautics and Space Administration remote sensing data
and advising in its interpretation. Only the multibandvphoto—
graphic data from the area was analyzed in great detail. Radar
and infrared scanner data were also studied but not in the depth
required for quantitative geologic evaluation.

The portion of the Mono Craters studied in this report is -
located in the northeastern quadrant of the Mono Craters 15-
minute quadrangle and includes the area from the south shore of
Mono Lake to about Crater Mountain, near the center of the main

arc of the Mono Craters. This area is from three to five miles

east of the frontal scarp of the Sierra Nevada and is on the bor-



der between the Sierra Nevada and Basin and Range physiographic
provinces. Topographic relief of the craters above the surround-
ing pumice plains varies from 200 feet at North Crater, to 2000
feet at Crater Mountain (Figure 1). All major streams in the area
originate in the Sierras and flow into Mono Lake, a highly saline
body of water which has no external drainage. Water from rain

or snowfall in the craters drain into the sparsely vegetated and
porous areas of pumice and does not produce significant surface
drainage. There are also areas of springs along the shore of

Mono Lake, some of which are hot springs.

The climate of this region is arid to semi-arid and sup-
ports little vegetation in areas of rock outcrop, other than
lichen and a few widely scattered pine trees. Regions of pumice
surround these outcrops, and may vary from essentially unveg-
etated on steep slopes, to dense growths of sagebrush in areas
of gently-sloping topography. Other locations of little or no
vegetation include deposits of beach sand and formations of
calcareous tufa along the shore of the lake. This combination
of sparse vegetation, distinctive terrain types, and available
data has provided an excellent area for geologic remote sensing

investigations,



II. GEOLOGY

The regional geology‘of the Mono Craters area consists of
a2 basement complex of metamorphosed Paleozoic and Mesozoic sedi-
mentary and volcanic rocks and Mesozoic granitic rocks. This
was demonstrated by Kistler (1966), who also states that the gra-
nitic rock is composed chiefly of granodiorite and quartz mon-
zonite and occurs in plutons of moderate size. This complex is
covered by Tertiary and Quaternary volcanic rocks and Quaternary
lake sediments, moraines, pumice deposits and alluvium.

The geologic units studied are all of Recent age, including
the flows of the main crater complex. This was indicated in work
done by Kistler (1966) and Friedman (1966), and emphésizes the
extremely youthful age of these units. The arcuate form of the
main crater complex has suggested that this is a portion of a
ring-fracture zone that formed after the Sherwin Glaciation and
before the eruption of the Bishop Tuff (Kistler, 1966).

The geologic maps used in this report are all derived from
Friedman's compilation of mapping done in the area, as they pro-

vide the most detailed information available (Fig. 2 and 3).



ITT. ANALYSIS OF VISUAL AND NEAR INFRARED FIELD SPECTRA*

Although reflectance spectras are available in the visible and
near infrared region from 0.4 to 1.5 microns, there is very little
data of a geological nature which can be used for field analysis.
This situation is especially evident when analyzing the remote sens-
ing data presently available in the form of multiband photography
from Mono Craters, California. This is currently being studied in
an attempt to perfect a method of multi-spectral geologic mapping.

The field spectra presented here were obtain at North Crater
(sometimes known as Panum Crater), a rhyolite, obsidian and pumice
explosion crater approximately one-half mile in diameter and rising
200 to 300 feet above a plain of moderately vegetated pumice. It
is located about a mile south of Mono Lake and is a northern exten-
sion of the main arc of the Mono Craters (See Fig. 1 and 2).

Although the conditions for obtaining on-site reflectance
spectra on April 1, 1967 were not ideal, the methods employed were
as consistent as possible and agree with spectra collected during
August, 1967.

An ISCO spectro-radiometer fitted with a fiber-optics, remote
probe was used to obtain these spectra, which ranged in wavelength
from 0.425 to 1.55u. The reflectance at each wavelength was cal-
culated by taking the ratio of reflected to total intensity; both

intensities being measured over a 180° (27 steradian) field of view.

*
From: Semi-Annual Report dated 15 May 1967, "Field Infrared
Analysis of Terrain', NASA Grant NGR-05-020-115.
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As this is a completely portable instrument, spectra of samples
were taken in place and the samples collected for further study.

O0f the twenty wavelengths used,nine correspond to the filtered

bands of the multiband camera.

When these reflectance values (Table I) are plotted against
wavelength (Fig. 4) we notice that most of the variation occurs
in the visible region from 0.425 to 0.750y and that, with the

exception of black obsidian, the highest reflectance occurs in

the near infrared. The two samples of gray obsidian are both

from the Mono Craters area, but the one showing highest spec-
tral reflectance is from a sample provided for field analysis
by the University of Nevada's NASA Project. Both of these spec-
tra are similar below 0.575y (violet to yellow light), but be-
come less similar at wavelengths greater than this. WNote par-
ticularly the higher overall intensity of the rough gray ob-
sidian relative to the smooth one. This may be caused by the
rough surface of the first obsidian,apparently is more reflectant
than the smooth surface of the other saﬁple.

The spectrum of black obsidign is uniform and unexpectedly
high over much of the visual region with reflectance reaching a
minimum in the infrared. The smooth surface of this obsidian block
helpsto explain its h~igh reflectance, as the sun was at a very
low angle and the -outlet was on a steep slope facing the sun.

The spectrum of red rhyolite shows very low reflectance in
the shorter wavelength visible region, with an expected maximum

in the 0.75u (red) region. This high reflectance persists into



TABLE ¢°

VISUAL AND NEAR INFRARED FIELD DATA

FROM MONO LAKE AREA, CALIFORNIA

Reflectance, %3

gray &ray black red .
wa;ieiﬁgs’;h, rough smooth smooth smooth pls.‘llcr)lzie
obsidian¥. obsidian obsidian rhyolite
0.k2s 14.9 10.3 11.4 5.7 8.8
0.475 14.5 13.0 13.3 6.7 10.2
0.535 15.2 1k.0 12.9 7.6 10.7
0.575 16.7 14.6 12.9 11.4 12.2
0.625 20.3 16.0 12,5 15.6 12.9
0.675 21.kh 15.8 15.6 16.7 1k.2
0.725 25.6 18.3 17.0 17.7 4.6
0.800 25.9 17.5 14.3 18.7 -
0.850 25.0 17.5 16.0 18.6 -
0.950 27.5 17.7 11.1 20.0 -
1.050 27.8 16.7 11.8 20.0 -
1.150 29.1 17.0 11.0 20.8 -
1.250 26.3 15.9 11.1 20.0 .-
1.350 26.7 17.4 1h.3 20.6 -
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1.550 23.0 16.3 13.7 17.9 --
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the infrared and shows little variation except at very long wave-
lengths. In contrast, the pumice soil spectrum shows higher values
in the violet and lower values in the red regions of the visual,
with a crosséver near 0.60p (orange). The pumice spectrum does
not extend into the infrared, as "time did not permit its
“completion.

A characteristic of all the longer wavelength infrared spec-
tra is their tendency to converge toward the same reflectance in
the region near l.SSﬁ , with no crossovers occurring in the entire
near infrared region. Combining this information with that ob-
tained in the visual portion, we note that there are a number of
optimunrwavelengths which could be used for rock spectra classi-
fication. In the visible these are 0,425y (Violet),-0.475u (blue),
and 0.725, (red),with 0.80y in the photographic infrared and
0.90 to 1.35y and 1.5y in the region beyond photographic detection.
Thus,by using these bands, the non-vegetated areas near Mono Cra-
ters could be classified as red rhyolite, black obsidian, gray ob-
sidian or pumice. Hopefully, other areas of similar lithology
and vegetation cover could be mapped using presently available
data in the area around Mono Lake. This assumes, of course, that
repeatable reflectance spectra could be obtained under other field
conditions, Clearly this would form the foundation of any future

research.

* ry
Optimum: Defined as those wavelengths at which relative
maximum or minimum reflectance values occur. :
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IV. MULTIBAND GEOLOGIC ANALYSIS

A. System Description:

This system is designed to gather informatiqn in the wvisible
and near or short wavelength infrared region of the electromagnetic
spectrum by means of nine combinations of films and filters. The
nine-lens camera (Fig. 5) accomplishes this by simultaneously ex-
posing three frames of each of three rolls of film as the aircraft
flies over the terrain to be "sensed". Two of these films are
conventional panchromatic (black-and-white) film, while the third
is infrared black—~and-white film (Fig. 6).

Unfortunately, the roll of infrared film for this flight
was spoiled in the developing process and only the six visual fil-
ter combinations, or "bands" were able to be studied.* The
wavelengths of visual light recorded by these bands correspond
roughly to the colors violet, blue, green, yellow, orange, and
red-—~in order of band-number from one to six (Fig. 7). Even with the
drawback of not having the infrared bands, it ig still clearly
possible to obtain meaningful data from visual film and will serve
as a.demonstration of a general method of multi-spectral analysis.

of the.approximately sixty sets (each set consists of six
spectral bands) of exposures which were taken over the region
near Mono Lake, three sets of six spectral bands were chosen

because they showed a diversity of features. As this flight was

*
The Mono Craters area had only been flown once with the NASA 9-lens
camera prior to Jenuary 1, 1968,



Itek

Nine-Lens

70-mm Camera, Model 2.

(From NASA Anthology, 1966)

Figure 5

12



Flight, IMC and
£ilm wind
. direction

Film Path 1

Film path 2

Film Path 3
infrared)

7

13

‘Frame
counter
numerals

L4

COne__,J:

pin

3+47%

- .
21457

g87¢c

-Shutter
direction

' ;;*ﬂWrgtténhfilier.comﬁinations

(From NASA Anthology, 1966)

Figure 6

Schematic view of format area hine-lené camera mode142.



FILTER TRANSMITTANCE

RELATIVE FiLM SENSITIVITY

SOLAR INTENSITY, WATTS cm2 g™

14

IMPORTANT PARAMETERS FOR MULTIBAND PHOTOGRAPHY

'-0 °
o.8l FILTER | TRANSMIT|TANCE / e lo.s
06| / 0.6
| BA.N.D 32 - A '_E ND 6 X / BAND ; A J
oal BAND 2 : B‘ubs - BAND 8 .. ) los
BAND | BAND 4 BAaND 7 | | / |
» P ] {
0.0 / & e 0.0
o4 0.5 0.6 0.7 0.8 0.9 1o
WAVE LENGTH, MICRONS —» (NASA aNTHoreaY, I966)
5T FILM S[ENSITIVITY 18
~\\\ INFRARED
10 e 10
N PANCHROMATIC
AN INFRARED
A
N /\/—\"’/“\~~--~—’~\
Y - \ AN
0.5 | \\ - - \ 40.5
\ L7 \
/
\ /, \\
A ’
\ /
0.0 \ L \ 0.0
o4 os 0.6 0.7 0.8 0.9 .o
WAVELENGTH, MICRONS —b {MOLINEAUX, 1965)
SOLAR |[INTENSITY /\A /-\ [ﬂ / ,\/
0.2 7 \l\/ \/ \{ o2
o / /\ o
oo 0.0
o4 0.5 0.6 0.7 0.8 0.9 3.0

WAVELENGTH, MICRONS -3~

Figure 7

(AFTEAR GATES,1965)



15

flown at about 9:00 A.M. on September 30, 1965, there were several
areas of shadow which also served as another potential type of
feature for classification. The three sets of photographs show
adjacent areas along a north-south distance of about three miles,
with the average width of each photograph being about one mile
and overlap amounfing to less than 10 percent on each. The
northern-most photograph shows a portion of the south shore of
Mono Lake, a strip of beach deposits, and an area of varying
amounts of pumice sand and sagebrush, while the middle photo con-
tains a small rhyolite and obsidian dome surrounded by a plain

of pumice vegetated with sagebrush and crossed by roads. The
southern-most photo also shows an area of pumice sand covered
with sagebrush and crossed by California Highway 120.

B. Data Acquisition:

Having selected the areas to be studied, the next step was
to find a satisfactory method of obtaining "gray scale" or, as
these were transparencies, the transmittance values from each
of the 18 exposures. After experimenting with several densi-
tometers, the Jarrel-Ash Recording Spectrographic Densitometer
was chosen for its sensitivity, film positioning accuracy, and
the permanent record of transmittance values which it recoxds
on chart paper. With this instrument five profiles of transmit-
tance were obtained along north-south lines spaced 10 mm apart
and centered about the middle of each exposure. The graphical
output of the densitometer was then digitized at intervals

equivalent to 5 mm on the film, with this being done for each
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of the five profiles cobtained from each of the 18 photos (Fig. 8).
There were nine of these data points on each of the profiles, so
that no measurements were taken closer than 10 mm from the edges
of the positives—-—in the region of abnormally high film trans-
mittance. The photographs used for Figures 9 and 10 are re-
jected duplicates and are used for illustration purposes only.
The original transparencies are to be used in further experi-
ments and were not cut apart for illustration purposes.

Having obtained five profiles of nine points each, for a
total of 45 points per transparency, additional data was obtained
from the central north-south profile over North Crater from forty
points spaced at 1 mm intervals for use in one of the later
methods of analysis. The first method of analysis required the
use of only the three sets of 45 points for a total of 135 data
points, each covering a field of view of 0.3 by 0.5 mm and rep-
resenting six filtered bands. Each of these transmittance values
were recorded on computer data cards in groups of six bands per
location preceded by a coded description of the geology and vege-
tation as decided by ground inspection and photographic inter-
pretation. -

C. Methods of Analysis:

There were three primary methods of analysis used on this
data, with each method being an attempt to discriminate the
various terrain, geology, vegetation and lighting types present

in the area covered by each of the photos. These three methods
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may be classed as investigations of trend surfaces, six-~dimensional

distances, and statistical models. The trend surfaces were the

first to be studied and in general they were least valuable in
discriminating terrain types, perhaps because 6h1y the trend sur-
faces themselves were studied and not the residual values of the
transmittance data.

1. Trend Surfaces

In order to apply the method of trend surfaces to the multi-
band data, each wavelength of light was assumed to have its rela-
tive reflectance from the ground;proportional to the transmit-
tance values obtained from the photography. .This is not neces-
sarily correct, as solar intensity varies with wavelength and
even this reflected énergy is approximately proportional to the
film density of the negative, where density = log10 (1/transmittance).
This also assumes' that the terrain being investigated is of
uniform nature and does not consider variations in slope, sur-
face irregularities, or minor vegetation changes. Variations
from one site to another may be influenced by changes in sun
angle, aircraft altitude, atmospheric transmission and cloud cover,
as well ‘as variations in film cond;tion and processing.

Having made the assumption that reflectance is related to
film transmittance, the 45 transmittance values on each of the
three sets of six bands were fitted to a second degree trend sur-

2 2

face (Harbaugh, 1964) of the form Z = AX" + BXY + CY" + D;

where Z is the value of the transmittance in percemt, X and Y



are the coordinates of the point in millimeters from the upper
left-hand corner of the photo, and A, B, C and D are the coef-
ficients. When the resulting computer print-out trend contours
were examined (Figures 11 and 12), most geologig discrimination
was shown by band six, or red light. Even this did not bring
out the exact location of the crater in the middle photb,*but
did delineate the shore of Mono Lake fairly well. Another draw-
back of these trend surfaces is that they are not in alignment
at photograph boundaries, even assuming 10 percent overlap.

A second method of trend surface analysis was used when the
value of each of the spectral bands at each geographic point
was compared to the mean of all six band transmittances. The

%%%%ﬁ -~ 1; where DEV is the positive

formula for this was DEV =
or negative value of the transmittance of one of the six bands
when compared to the average of all the bands at that point,
TRANS is the transmittance of the band under study, and MEAN

is the mean of -all six bands at the point of interest. An in-
termediate program was written to make this computation and
punch the six values of DEV on one card per "spectrum". Trend
surfaces qf these photographs were then contoured using the
second~degree function in the above example, with much the same
results (Fig. 13, 14). Once again the red wavelengths showed

most discrimination.

2. Six~dimensional distances

The second major method of analysis assumed that if an

area could be divided into several general terrain and geology

* .
Compare Fig. 11 with Fig. 9, and Fig 12 with Fig. 10 etc,

21
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MULTIBAND FILM TRANSMITTANCE VALUES PER PHOTO
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types, then the mean of the value of each of the spectral bands
within each type would provide an "ideal" set of numbers for
every terrain type. Having made this assumption, we might also
assume that the group of values which are "closest" to an unknown
spectrum would become the most nearly correct terrain type for
this unknown spectrum. One method_of comparing the spectrum to
be classified with the several possible spectrum is by means of an
extension of the Pythagorean theorum into the sixth dimension.

In this case, each dimension is the value of the transmittance

of each band. For an example in the seéond dimension, the dis-
tance from an unknown spectrum with transmittance values for

each of two bands Bl and B2 can be compared with a mean spectrum
for rhyolite, Rl and R2, by computing the distancé D between

the two. Here, D2 = (Bl ~ Rl)2 + (B2 - R.2)2 with D being the
square-robf of'the right~-hand side of the equation.

The distance thus obtained can be used with a value in a
third dimension, and this in turn may be used to find distances
in higher dimensions. (This calculation can be done very simply
by means of a DO loop in FORTRAN IV, and the minimum distance
among several terrain types'choseh either by means of an IF
statement or the MIN function), The effectiveness of this method
in classifying terrain types was not as good as expected, largely

" because of the extreme variability of many of the band transmission

values - If the amount of variation in the spectra being classified

*
See page 53 of the Appendix for additional information.
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is great, then this may cause many of them to be incorrectly

identified. A large variation of one band relative to another is

the greatest weakness of this system. In order that this variability
could be accounted for, statistical methods were resorted to in the
last method to be investigated.

3. Statistical Models

The use of statistical methods was first suggested by a
computer program which was used in connectlon with a statistics
couse (Geology 205) given by Dr. Paul Switzer in the Spring
quarter, 1967, at Stanford. This was a program for Stepwise Dis-
criminant Analysis (BMDO7M) and was written by  the UCLA Health
Science Computing Facility. The following method requires means
and standard deviations fo film transmittances for each of the
terrain types to be calculated as they are used in classification.
The results of this general program indicated a maximum accuracy,
from a choice of three groups, of 80% correct identification for
an unknown spectrum obtained from six multiband transparéncies.

To be more specific a new EORTRAN IV program to produce a class-
ification map was written for this project.

As each qf the six bands may be considered a variable and
each of the three possible terrain types may be considered a group,
the method of multivariate analysis can be used and the resulting
classification checked against actual conditions. First, a "perfect"
spectrum for each terrain group is decided upon—-—-the means of each
group—--and is calculated thus:

R R ,R

. Ry, R _ n 18
H™ = (hy, hys.eeshg)s hy %1—1,: Z 6)111;) : e.g. hl;r =-]1-—§Z 6,111j)= 0.65167
j=1 j=1
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15
S _ .8 .S S\.. _1 i R\ . s _15(s) _
j=1 j=1
P P P P 1 /R P 1 v/p
H = (hl’ hz, ...,h6); hi = -n-_; (bij) ; e.g. hl = %6 (blj) = 0,54696
j=1 j=1

where HR, HS, HP are each a set of 6 band means for rhyolite,

shadow, or pumice; h?, hi, hi are the means of an individual band

i Nps Ngs N, are the number of spectra in each of the three
groups; and b?j’ bij’ bij are the relative reflectance values

of an individual band in an individual spectrum j.

By using these means as the most probable estimates we may

also assume that any variation within an individﬁal band is not
completely random, but may be approximated by a Gaussian function
of some form. This implies that the three distributions in a
given band are each represented by a characteristically shaped
normal curve with its peak at the mean of that band. Unknown
spectra may then be compared to these ideal spectra and the most

probable group decided upon (Fig. 15).
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This was done for each known group and for each of the six

bands in sequence. Next, the probabilities were totalled and the

group with the largest probability was assinged to the unknown spectrum.
The value of this probability was computed by dividing the sum of

the total probability of the six bands by six and was printed beneath
the code name of the group in its proper location relative to the
photo.

The three terrain types used were areas of rhyolite obsidian
(RHYOLT), rhyolite pumice with little or no sage (PUMICE), and areas
of shadow falling on any terrain (SHADOW). The results of this method
were about 50% correct using these three groups, howe&er, a fourth
group was added'which consisted of areas of moderately vegetated
pumice (PUMISG), and the original program was modifiéd to consider
this group with the others (Fig. 16). The reéults were more
encouraging, with five of the six unknown terrain types in the
Crater correctly classified. There were, however, few probability
values greater than 0.80, but this was acceptable. Even dark lake
water was ''correctly" classified as shadow though only having a pro-
bability of 0.425. .

Other possible terrain types were included in subsequent versions
of this new program, but did not show promising results, because
those groups had standard deviations (i.e. broad ''vague" distribution
curves) and were always selected. Another approach involved sub-
stituting the values of DEV obtained from a previous program for
the values of transmittance. The results of this DEV program were
also unsatisfactory, as groups with little variation bet&een bands were

.confused with each other. This was the case with lake water, which was
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classified as being pumice. This occurs because the flat, but’

high reflectance of pumice is compared to the flat, but low reflectance of

lake water.

V. CONCLUSIONS

In any attempt at remote sensing data interpretation it must be
born in mind that the final classification scheme can only be as re-
liable as the basic data itself. Any future experiments must be de-
signed so that as many variables as possible can be evaluated. These
variables include field reflectance data, major and minor topographic
features, soil and vegetation distribution, atmospheric attenuation,
aircraft altitude, camera film and filter spectral responses, solar
illumination changes with sun angle, and as many other parameters as
possible which migﬁt influence data obtained during the aircraft
overfiight.

Assuming all these conditions to be constant for a given time and
area, then quantitative multiband data can be obtained by use of re-
cording densitometers, with future data reduction by means of flying-
spot densitometers being the next logical step. ‘Secondly, computerized
analysis of data provides a rapid means of testing and perfecting
methods of classification and discrimination of terrain types, partic-
ularly overall geology, from multiband regions under study. It appears
that of the three methods of analysis investigated, that statistical
multivariate analysis holds the most promise of being an ideal solution
for pattern recognition purposes, especially if attempts to classify

other areas of similar geology by multiband photography are attempted.
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APPENDIX

PROGRAM DESCRIPTIONS*

"Data Cards:

Each data card used in the following programs contained a coded
description of the terrain 'in the area sampled, the six transmittance
values for each of the "spectra', and roll, frame and photograph

coordinate numbers. The following examples illustrate this format.

Card column Description Example
1-6 Geologic formation QR = Quaternary rhyolite
7-12 Rock type and percent . RHY@70 = 70% rhyolite
13-18 Vegetation percent SAGE25 = 257 sagebrush
19-24 Secondary veg. percent LICHO5 = 5% lichen
25-30 Water type and percent LAKE99 = entirely lake
31-36 Miscellaneous terrain RDDT90 = 90% dirt road
37-60 Transmittance values for  Format 6F4.2

six visual bands (6F4.2) ‘
61-72 Reserved for IR data Format 3F4.2
73=76 Exposure number 0615
77-80 X- and Y-coordinates X=30, Y = 30

These data cards were then arranged into five groups each having
the same X~value and increasing Y-values and a title card placed before
each group of 45 spectra. This title card allows a maximum of 72
characters and includes the photograph number and a brief description
of the photo area. This is illustrated by the following listing from

three digitized photos and one photo profile.

*
Written for Stanford System IBM 7090 Computer.
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PUMIDOSAGESO
PUMISOSAGESQ
PUMISOSAGESD
PUMIS0SAGESO
PUMISUSAGESO
PUMISCSAGESO
PUMISO0SAGESO
PUMIS0SAGESO
PUMISQSAGESO

PUMISOSAGESO
PUMISO0SAGESO
PUMISOSAGESO
PUMIYOSAGELD
RHYOY9LICHO1
RHYQYSLICHO1
RHYOYYLICHOY
RHYO99LICHOY
PUMIYOSAGELO
PUMI/0SAGE 30
PUMIFOSAGE 3O
PUMI/OSAGE3O0
PUMI7TOSAGE3C
PUMIYOSAGELO
RHYOYSLICHO1
RHYDYSLICHO1
PUMIYOSAGE 10
PUMI7OSAGE30
PUMITOSAGE 30
PUMIFOSAGE30
PUMITOSAGE30
PUMISOSAGESO
PUMIDOSAGESG
PUMISO0SAGESO
PUMISOSAGESO
PUMIZOSAGE 30
RHYOY9SAGEDL
RHY0OYS SAGE 01
PUMISOSAGESO
PUM1IDO0SAGESC

RDDT99

ROCT9Y

75
110
55
50
55
60
50
55
60
60
100
15
17
35
35
40
40
65
120
190

5
30

35
45

100
20
100

155

00
50
05
20
35
90
a5
85
35
95
75
105
120
95

120 .

200
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0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
0616
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AREA SOUTH OF NORTH CRATER

PUMISOSAGESO

PUMI30SAGESO
PUMISO0SAGESO
PUMISO0SAGESO
PUMIS0SAGESO
PUMISO0SAGESO
PUMISO0SAGESO

PUMISCGSAGESO
PUMISO0SAGESO
PUMISO0SAGESO
PUMISOSAGESO
PUMISO0SAGESO
PUMIS0QSAGESO
PUMISOSAGESO
PUMISOSAGESO
PUMIS0SAGESO
PUMISOSAGESO
PUMIS0SAGESO
PUMISOSAGESO
PUMISO0SAGESO
PUMISOSAGESOQ

PUMI/OSAGE3O
PUMI7OSAGE 30
PUMITOSAGE30
PUMI?OSAGE30
PUMISOSAGESO

PUMI30SAGETO
PUMI30SAGETO
PUMIJ0SAGETO
PUMI30SAGET7O
PUMISO0SAGETO
PUMISOSAGETO
PUMISO0SAGESO
PUMISO0SAGESO
PUMISOSAGESO
PUMIS0SAGESOQ
PUMISO0SAGESO

PUMIDCSAGESO
PUMISOSAGESO
PUMISUSAGESO

110
RODT . 70
70
55
65
To
90
80
RODT99 140
50
60
60
50
55
60
60
65
65
55
50

ROSH99 60

RDCT99 60

RDDT99 100
90
95
100

185
80
80
80
65
70
60

150

0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
0617
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0¢lb PRPFILE oON N-5 CENTER LINE

QP PUMI SAGE 62 65 95 105 88 99 06163010
QP PUMI  SAGE 55 S7 15 95 61 67 06163011
aR RHYO 27 18 10 08 10 00 06163012
QR RHYD 30 19 08 15 15 05 06163013
R RHY(Q 55 58 70 40 55 105 06163014
@R RHYO 68 83 187 180 110 380 06163015
QR RHYO 42 40 58 95 55 140 06163016
QR RHYO 85 102 210 300 172 402 06163017
QR RHYOD 65 78 265 210 120 290 06163018
QR RHYO . 78 B85 345 325 224 570 06163019
QR RHYD 55 60 135 165 158 157 06163020
aR RHYO 35 30 80 s5 61 40 06163021
OR RHYO 60 66 121 150 107 211} 06163022
R RHYO 60 57 102 175 90 125 06163023
QR RHYD 55 42 65 175 100 210 06163024
R RHYQ 45 38 40 100 63 140 06163025
aR RHYUO 35 23 07 35 30 55 06163026
QR RHYOD 65 60 145 205 183 502 06163027
eR RHYO 25 20 06 22 25 22 06163028
QR RHYD 7 21 o7 22 22 30 06163029
ar RHYOQ 57 77 42 127 60 240 06163030
R RHYO 25 10 20 20 23 17 061630131
QP PUMI  SAGE 50 48 48 95 46 T3 06163032
ap PUMI  SAGE 40 21 37 60 35 47 06163033
QeF PUMT  SAGE 35 16 25 40 25 40 06163034
er PUMI  SAGE 65 45 67 8r 60 81 06163035
qapP PUMI  SAGE 70 50 60 107 60 88 06163036
eP PUMI  SAGE 57 34 St 75 50 487 06163037
apP PUMI  SAGE 60 30 30 60 40 48 06163038
QP PUMI  SAGE 55 28 35 45 35 72 06163039
QP PUMI  SAGE $5 31 33 45 35 50 06163040
QP PUMI  SAGE 55 32 32 50 36 42 06163041
apP PUMI  SAGE 53 36 45 60 41 63 06163042
QP PUMI  SAGE 5S4 36 41 55 38 50 06163043
QP PUMI  SAGE 55 38 45 585 40 50 06163044
eP PUMI  SAGE S7 40 43 55 40 30 06163045
QP PUMI  SAGE 57 35 48 55 48 62 06163046
ROADDT RODT 87 B 95 85 80 105 06163047
RUADDT RODT 75 60 43 57 50 90 06163048
QP PUMT  SAGE 60 43 56 65 43 .64 06163049

P PUMI  SAGE 60 40 40 50 40 70 06163050
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Conversion of Data to '"Map" Form

In order for some of the following trend surface programs to
work in a less complex manner, the original data was "rearranged"
and punched on cards. This was accomplished by the following pro-
gram, which inputs the title card and profile-type data on 45 cards
and outputs six sets of band transmittances and the appropriate
title card. In essence, this provides six sets of numbers for the
individual wavelengths and arranges them from Band 1 to Band 6.

Also the format for each card changes from 36X, 6F4.2 to 5F10.2; or
from a spectrum to a line of five equal Y-values.

This data rearrangement program is shown in the following list-

ing, along with a listing of the output.



$J08 S060 IBJOB 2 800 BALLEW GARY 233
$I8J0OB
$IBFTC MAIN NUDECK
C ACTUAL BAND=PASS MAPS
DIMENSION TITLEC12)s B(559,6)
99 WRITE(6,98)
98 FORMAT(CiHI»1H )
READCS,1) (TITLE(K)»K=1512)
1 FORMAT (12A6)
READ(S,3)C((BILs»Jr1)s IZ156)s J=2159),L=1s5)
3 FORMAT(36X,6F04,2)
DD 1VU0 I=1,6
WRITEC6210) C(TITLECK)SsK=1512)51
10 FORMAT(1HP»12A6» 4HBAND»I3/ )
DO 100 J=1»9
WRITECE624)(BCL,JpI)sL=1,5)
4 FORMAT(1HP»5F10,27 )
100 CONTAINUE
GD TU 99
RETURN
END
232 PRECEDES B5000 AND IBJOBR DATA CARDS

BANDPASS MAPS

40



0615

0615

0615

0615

0615

0615

SOUTH
0.65
0.55
0.60
0465
0,70
0,70
0,80
0,80
0,75
SQuTH
0,65
0.65
0.60
0.45
0,55
0,50
0,55
0,75
0.75
SOUTH
0,80
0,55
0.45
0,75
0.55
0455
0,80
0.60
0,70

SQuTH

1.00
0,80
0,75
0,75
0,80
0,50
0+.65
0,85
SQUTH
0,65
0,65
0.60
0,60
0,50
0,60
0,70
0,80
SOUTH
1,10
0,85
1,10
1.10

- 1405

0.90
0,75
1,10
1.00

SHORE OF
0455
0.45
0450
0,50
0.55
0.50
0,60
0.50
0.50

SHORE OF
0.65
0,40
0,45
0.35
0,35
0.45
0,40
0.40
0,50

SHORE OF
0,60
0.30
0,45
0,40
0.40
0,40
0.40
0,3%
0,45

SHORE OF
0,90
0,80
0.70
0,65
0,60
0,60
0,50
0,45
0,65

SHORE OF
0,60
U.485
0,50
0,45
Ce40
0,35
0,35
0,30
0.50

SHURE UF
0,8%
0,70
0.85
080
0.85
0460
055
060
070

MONO

MONO

MOND

MOND

MONO

MOND

LAKE
0,45
0,30
0.40
0,40
0.50
0,50
0,50
0,50
0.25
LAKE
0.55
0.35
0,40
0.35
0,40
0,35
0,45
0,50
0,30
LAKE
0.85
0.25
0,40
0,35
0,40
0.50
0,40

0,40

0,10
LAKE
0.65
0.50
0.55
0455
0.70
0.70
0.85
0.60
0,20
LAKE
0,50
035
0,45
0,35
045
0,40
0,35
0,40
0.20
LAKE
0460
0450
0,70
0.75
0,90
0,70
0.80
0,85
0425

0,60
0,35

0,60

0,45
0,50
0,55
0,60
0,40
0,70

0.85
0.50
0,60
0,40
0.35
0,35
0,40
0,30
0.95

0,65
0,35
0,30
0,35
0,35
0,40
0,45
0.25
0,70

1,00
0,70
0.70
0.70
0.70
0,60
0,40
0,35
1.20

0,80
0,60
0,50
0.45
0,50
0,50
0.40
0,25
0,90

1,00
0.70
€.70
1.20
0.80
0490
0,85
0,55
1410

0430
0,30
0.70
055
0490
070
0.85
0,90
0.90

0,30
0.25%
0.70
0.45
0,70
0,50
0,55
0.75
0,85

0.05
0,45
0.75
0,25
0.65
0.75
0.55
0.50
0.85

0,07
0.05
1,50
0.80
1,30
0,70
0.70
0.60
1,15

0.27
0.25
0.90
0.45
0460
0,55
0.60
0.60
0,80

0,07
005
1,30
0475
1.40
Q.75
0.80
110
1.10
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0616

0616

0616

0616

0616

0616

NORTH CRATER

0,85 0,60
0,70 0,490
0,60 0.25
0,60 0,30
0,60 0,40
0,70 Cs50
0,90 0,55
0,85 0,55
0,85 0.75
NORTH CRATER

. 0,70 0.50
0.95 0,40
0.70 0,20
0,65 0,20
0,60 0,40
0.55 C.35
0,60 0,35
0.65 0,40
0,60 060
NORTH CRATER
0,75 ) 0,60
1.10 1,00
0,55 0.15
0,50 0el7
0.55 0,35
0.60 0,35
0,50 0.40
0,55 0,40
0,60 0.65
NORTH CKATER
0.80 0,60
1,40 1.10
1,10 0,20
0,95 0.30
0.80 0,60
0,85 Q.70
0.80 0,60
1700 0,50
0,80 0,70
NORTH CRATER
0,50 0455
0,70 0,45
0.75 025
0,60 0.30
0.55 €.50
0,55 0.45%
0.60 0,45
0460 0445
0,65 0,60
NORTH CRATER
0,60 050
1,10 0450
0,90 0,20
0.90 0.30
0,90 0+60
1005 0.80
0495 0,60
0+80 0.45
0,90 1.00

0,60
0,60
0,50
0,40
0,50
0,50
0.50
0,50
0,55

0,70
0,85
0.60
0,40
0.80
0.40
0430
0,40
0,40

1,20
1,90
0.90
0,35
0,30
0,70
0,35
0.45
0.40

1,00
1,75
2,05

0.95

1,20
0.65
0.45
0,50
0,45

0,90
1,10
1.20
0,60
0,60
0,60
0,35
0.40
0,40

0,90
1.70
1,50
1,20
2,40
0,80
0,55
0450
0,70

0.65

© 0425

0,50
0.75
0,15
0,45
0,30
0,40
0.55

0.70
0,25
0.55
1,20
0.10
0,40
0,20
0,30
0.40

1,00
0.20
1.00
1.55

0,50
0,05

© 0420

0,35

0,70
0.20
1.10
3,10

.70
0.15
0,35
0,35

0.80
0.25
1,05
2.20
0,05
0.50
0425
0,30
0,40

0,80
0.10
1.50
5.30
0,05
0,70
0425
0,30
0.50

0,70
0.60
0465
0445
0.80
1,00
1,00
1.40
0.90

0.70
0475
0.85
0.40
0.70
0.60
0.70
1.00
0,60

0,90
0.85
0485
0.35
0495
0.75
1.05
1.20
0495

1.00
1.00
1.50
0.60
1,40
140
1.10
1.90
0,50

0495
0.95
1,20
055
1,05
0,70
0.85
0.85
2.00

0.80
0.95
125
0.60
1.80
1.95
1.25
2445
1.60

42

BAND

BAND

BAND

BAND

BAND

BAND



0617

0617

0617

0617

0617

0617

SQUTH OF NORTH
0,50

0.60
0.60
0,50
0455
0.60
0,60
0.65
0,65

'SQUTH OF NORTH

0,59
0,60
0.60
0,50
0.60
0440
0,50
0.50
0,45
SQUTH OF MORTH
0.50
0.70
Q.70
0.55%
0,50
0,45
0,40
0445
0450
SQUTH OF NORTH
1.10
1.45
1,60
1,30
1,30
1.30
1430
1,30
1,00
SOUTH OF NORTH
0.45
0.50
0,70
G.,70
0.65
C.45
0635
0.50
0.45
SOUTH OF NORTH
0,80
0.95
0,80
1,10
1.70
1.00
1.15
0,90
0490

CRATER
0.55
0.,50
0.50
0,50
0,55
0.60
0,65
0.70
0,70
CRATER
0,45
0.50
0.50
0,50
0.40
0,50
0.40
0.70
0,50
CRATER
0.50
0.40

" 0.55

0,35
0,50
0,70
0,35
0.60
0,50
CRATER
0,80
0.95
1.10
1.15
0,90
1,00
0.80
1,35
1.20
CRATER
0,40
0,40
0.55
0,55
O.as
0,55
0,40
0.55
0,55
CRATER
0,70
0,70
1'10
1.20
1.25
1.25
0.85
1,25
1.00

04,40

" 0450

0,60
0,60
0,40
0,50
0,70
0,50
0.60

0,40
0.50
1,00
0.70
0.35
0,45
0,45
0.80
0,60

0,40
0,60
1,35
0,70
0,30
0,40
0,60
1.10
0,55

0,65
0.80
1.10
1.25
0,70
0,80
0,80
0,80
1.60

0.40
0.50
1.60
1,15
0,70
0,50
O.RO
0.80
0,90

0,80
0.70
3.55
1.25
1,00
1.15
1.50
1,40

2.25

0475
0.65
0.50
0.75
0.70
1.00
0490
0.95
1,00

075
0.60
0455
0,70
0.60
1.05
0.65
0.70
0.65

055
0.60
0.50
0.70
0,70
2.35
0.70
0.60
0.55

1.00
0.70
0.75
1.40
1.55
1.95
1.05
1.15
1.10

0.75
0.60
0,70
1.10
0,95
1.40
0.75
055
0445

1,25
0.95
0,95
1+90
2.40
3045
1.70
1.85

135
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Second-Degree Trend Surface 44

This program provides a method of obtaining a trend surface of
each of the colors or bands used in this analysis.  This is accomplished
by means of a trend surface contour plotting program which has been
spliced into another program which solves for the coefficients of the
second-order equation. The input for this consists of the six sets of
the 45 values of transmittance obtained from each photo and the corres~
ponding title cards. The format of each card is the 5F10.2 format
previously described. In addition, the first data card must contain
the parameters of the plotted trend surface dimensions.

These output parameters include the horizontal dimension HORZ,
vertical dimension’VERT, both in terms of lines and spaces; the left,
right, top, and bottom dimensions XL, XR, YT, and YB, respectively;
the reference contour REF; and the contour interval CON. The output
consists of a pattern of alternating blanks and numbers from zero to
one for positive numbers, and alternating minus signs and numbers for
negative numbers. For best results, the contour interval should be
half that of the expected contour interval if whole numbers are used.

The equation used is Z = AX2 + BXY + CY2 + D, where Z is the
transmittance of the trend surface af coordinates X and Y in milli-
meters from the upper left-hand corner of the photograph, and A, B,

C and D are the coefficients which are determined by the SOLVEX sub-
routine of the program. This subroutine essentially solves the 4 by
4 matrix generated by the least-~squared method employed here. This
sub-routine may be obtained from the computation center's library of
programs under the name SOLVE, program number one, which can solve

up to 20 by 20 matrices.



$1B8J0B MAP

$1IBFT

C MAIN

45

C CONTOUR FROM CARDS IN COORDINATE FORMAT USING SOLVEX

104
99
200
7

8

100

INTEGER PLUS»MINUSCV
DIMENSION W( 60),CV( 60)sPLUSC

367 MINUY 36)»

AAC4,4),BB(4),COEFCA)»X(a5,3) »2(925)» TITLE(12)
DATACPLUS(I)»1=15200/1H siH1»1H »s1H251H »1H3s1H 21H4s1H »1H5s1H »1
1H6,1H 5 1H7s1H »1HBs1H > IH9,1H »1HO/» (MINUCI)»I21220)/1H=s1H1s 1Hes1
2H2,1H=, 113, 1H=, 1HE,1Ho, 1H5,1H=,1H6,1H=s1H7s 1H=p1HBs1H=»1HGs1H=,1H

36/ .
READCS5,99) HORZS>VERT»XLsXR,YT,YB,REF,CON
FORMAT  (28XsF3.02F5.0,6F7,2)

READCD,7) (TITLEC(K) s K=1,12)
FORMAT(12A6)

READ(S558) ((2(I»J)»J=1,5)s121,9)
FORMAT(5F10,3)

X42040

X3Y=0.0

X2Y2=0,0

XY3=U.0

Y4200

XY¥=Q.0

¥Y2=2040

X2=040

Zx2=0,0

2XY=0.0

2Y¥2=0,0

220,V

N=0

X(1s2)=5.0

DO 100 L=1»9

X(I»22=XC152) +5,0

X(121)=0.0

DO 100 M=1,5

XCI»1)=2X(1s1) +1040

X(I23)=2CLsM)

Xz X4+ XCIo 1) *XCI o1 )*X (T2l )nX(Is1)
X3YSh3Y+X(Io1)aXClo1)aXCIr1)*X(1s2)
X2Y22X2Y2+X (151 )2 XL 1)*X(152)2X(1,52)
XY32XYI+XCIol)aX(Ip2)2aX(152)%X(1»2)
Y4sY4+X(Is2)%XCI22)%X(122)xX(],2)
XY=XxY+X(I,1)%X%X(1,2)
Y2=Y2+X([,2)%X(I52)
X2=X2+X(I1)*X(I»1)
ZX23LX24X(123)xX(Is1)2X(121)
ZXY=LXY+4ACT»3)0X(I01)2X(152)
Y2424 K (13 % X(152)2%X(152)
2=s2+%X(153)

N=ah+1

CUNTINUL
RN=N

AAClr1)=Xd

AACL122)5XY3

AACls3)=X2Y2

AACLe4)=X2



98

97

96

5

46

AAC2r1)mX3Y

AA(222)3X%X2Y2

AAC2,3)=XY3

AA(Zs4)mXY

AAC3r1)2xX2Y2

AAC3,2)=XY3

AAC3,3)8Y4

AAC3,4)=Y2

AACH»1)=X2

AAC4,222XY

AAC4,3)=2Y2

AAC454)2RN
BR(1J)=ZX2
BB(2)=2XY

BB(3)=2Y2
BB(4I=2
CALL SOLVE (4, AA»BB»150,0,105C0EF,IT)
A=COLF (1)
B=COLF (2)
C=COEF (3)
D=COEF(4)

WRITEL(6298)AsB,C»D
FORMATCIH1,25HZSAXX+BXY+CYY+Ds WHERE A=» F15,8,5X22HB3,F15,8»5X,
12HC=2F15.8s 5X, 2HD=sF15,8 )
WRITECG»97IHORZHVERT
FORMAT(1H »27HARRAY DIMENSIONS ARE~=HORZ=s F6+0r,11H AND VERT=2,F8,
10)

WRITE(6,96)XLsXRsYTsYBsREF,CON
FORMATCIH »3HXLZ»F10,2210X,3HXR=»F10,2,10%X,3HYT=,F10,2,10X>3HYB=»
1F10.25 10X, 4HREF=,F1042,10X,4HCONZ,F10,27/)
WRITEC(655) (TITLE(K)»K=1512)
FORMAT(1H »12A6/7/)
Dx=(XR=XL)/HORZ
DY=(YB=YT)/VERT
ClsCAXXLaXL)F(BxXLAYTI+(CAYT*YT)I+D
C22( 2ok AXXLADX)+(B*YT2DX)
C3=A*DX*DX
Cas(U*XL*DY)+(2,%C*YT%DY)
C5=C*0Y*DY
Ce=8*DX*DY

IHORZ=HORZ

IVERI=VERT
DQ 1 I=1sIVERT
Ri=1 .
C7=2Cl+(RI*C4)+(RI*RI*C5)
C8=(C6XRIN+C2
D0 2 J=1,1HORZ
Rd=J
WCJISCT+(CBARJUI+(CIXRJ*RY)
IF(NCJISLTREF) GU TO 3
XX=2(W(JI*REF)/CON

IX=XX

IA=MUD(CiXs20)
CV(JI=PLUS(IA+1)
G0 Tu 2
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3 YYs(HEF=W(J))/CON
Ivy=vY

1B=MUDCIY,20)

CV(Jd®e MINUCIB+1)
2 CONTINUE

WRITE(6s 95)(CVIK)»K=1,IHORZ)
95 FORMAT(1HT»132A1)

1 CONTINUE
G0 TU 200
102 RETURN
END
S$IBFTC SOLVEX SLV4000
CSOLVE LINEAR EQUATION SOLVER WITH ITERATIVE IMPROVEMENT VERSION IV sLV3001
SUBRUUTINE SOLVECNN»A»BsIN,EPS»ITMAX»X»1IT) SLV4002:
¢ SOLVES AX=B WHERE A IS NXN MATRIX AND 8 IS NX1 VECTOR SLV4003
c INs= SLV4004:
c 1 FOR FIRST ENTRY SLV400S
c 2 FUR SUBSEQUENT ENTRIES WITH NEW B SLV40086:!
c 3 TU RESTORE A AND B SLV400T!
c EPS AND ITMAX ARE PARAMETERS IN THE ITERATION SLV4008
c IT= $LV4009
c =1 If A 1S SINGULAR v SLV4010
¢ 0 IF NOT CONVERGENT sLvao1t
¢ NUMBER OF ITERATIONS IF CONVERGENT SLV4012
c CALLS MAP SUBROUTINES IL0G2,D0T,SDOT AND DAD SLV4043
¢ : SLV4014
c TO MUDIFY DIMENSIONS» CHANGE THE NEXT 3 (NOT 2 BUT 3) CARDS, SLV4015
DIMENSTION AC 4, 4)5BC 4)sX¢ 8)2AAC 4» 4)»DXC 4)sR(C 4), SLV4016
» Z( 4),RMC 8)5IRPC 4) ‘ sLv4o017
MAz & sLV4018
¢ MA MUST = DECLARED DIMENSION OF SYSTEM SLV4019
EQUIVALENCECR,DX) SLV4020¢
GO TU (1000,20005,3000), 1IN SLV4021:
1000 N=NN SLV40221
NM{sN=1 SLV4023:
NP1=N+1 sLvaozm
¢ SLV4025¢
o EQUILIBRATION SLV40264
c SLV4027¢
DO 510 I=1,N ~ SLV4028¢
KTOP=ILOG2(ACI»1)) SLV4029¢
V0 503 J=2,N sLv4030:
503 KTOPsMAXOCKTOP, ILOG2CACI»JY)) SLVa031:
HMC1)=2.,0%%(=KTUP) SLV4032¢
U0 509 J=1,N SLV4033
509 ACTI»J)SACTI,J)*RM(]) SLV4034:
510 CUNTILINUE SLV4035¢
c SLV4036¢(
¢ SAVE EQUILIBRATED DATA sSLV4a03rTt
c SLV4038¢
DO 548 I=1.N SLV4039¢
DO 548 J=1s»N SLV4040(
S4R AA(IsJ)=ACId) SLVa041(

¢ SLV4042(
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YOO

OO

GAUSSIAN ELIMINATION WITH PARTIAL PIVOTING SLV4043
SLV&044

DO 99 M=1,NM1 SLV404S
TOP=ABS (ACMaM))- SLV404AS

IMAX=M sLvao04r

V0 12 I=MeN §LV4048
IFCTOP=ABS (ACIsM))I10,12,12 SLV4049

10 TOP=ABS (ACINM)) SLV4050
IMAX=] SLV4GOS1

12 ~ CONTINUE SLV4052
AFCT0P)14513514 SLV4053

13 1T=~1 SLY4054
*SINGULAR® SLV4055

HRETURN SLV4056

14 IRP(M)=IMAYX SLVa05T7!
23 LFCIMAX=M)29,29524 SLV4058¢(
24 U0 25 J=1isN SLV4059¢
TEMP=A(M» J) SLV4060¢(

ACMs J)SACIMAX,J) SLV4061!

25 ACIMAX» J)=TEMP sLV4062/
29 MP1=M+1 SLV4063:
B0 33 IsMPisN SLV4064:
EMBACI,MIZACMaM) SLV4065

ACIsMIZEM SLV4066
IFCEM)31»33,31 SLV4067:

31 DO 32 JaMP1,N SLV4068
32 ACT»J)=ACT2J)=ACM, JI*EM SLV406S!
33 CONTINUE SLV4070
99 CONTLNUE SLV4o71:
IRP(N)=N sSLV4072:

IF (A(N2N)I120,113,5120 SLV4073

113 1T==1 SLV4OT 4!
RETURN SLY40751

120 CONTINUE , SLV4OT 6!
STORAGE FOR A NOW CONTAINS TRIANGULAR L AND U SO THAT (L+I)*uUz=A SLVAOTT(
SLYGOT 8¢

DUPLICATE INTERCHANGES IN DATA SLV40T9¢(

' SLV4080(

DO 229 I=s1sN SLV408B1¢
1P=IRP(I) SLV4082¢
IFC1"1P)221,2295221 SLV4083(

221 u0 222 J=i,N SLY4084(
TEMP=AACISJ) SLV4085¢
AACI»J)=AACIP, ) SLV4086¢

222 AACIP,J)=TEMP SLV408T:
229 CONTINUE SLVa08al
SLV4089(

PROCESS RIGHT HAND SIDE SLV4090¢(
SLV4091¢

2000 CONTINUE SLv4g92(
DO 6U1 Is1sN SLV4093(

601 BCI)=BCI)#*RM(I) sLVa094ac
DO 609 I=1,NM1 SLV4095¢C
LP=21RPCI) SLV4096¢C
TEMP=BCI) SLV4097¢
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o B o X o)

OO

609

199
200

201

3o
303

319

329

339

342

369
7o
381

3000

701

BC1)3B(IP)
BCIP)aTEMP
CONTINYE

SOLVE FOR FIRST APPROXIMATION TO X

DO 200 I=t,N
ZC1)==SDOTCI=1,ACI» 1) MA»2¢1)215~B¢1))

D0 201 K=1,N

1aNPl=K
x(l)"SDUT(N‘I)A(IrI*I)DMA’X(I+I)a!)'l(f))/ﬂ(l:l)

ITERATIVE IMPROVEMENT

IF(IIMAX)370o370’300
ToP=0,.0
DO 303 I=g,N
TOP=AMAXRL(TOP»ABS(X(I)))
EPSXSEPS*TOP
DO 369 1T=1,1TMAX
FIND RESIDUALS
D 319 I=1,N
RCI)=2=DOT(N>AACT21)oMA,X(1),1,B(C1))
FIND INCREMENT
VU 329 I=1,N
£CI)a=SD0T(C]I I,A(I;lJrMA»Z(iJ,ia-R(I))
DO 339 K=1,N &
L2NP 1=K
UX(1)==SDOT(N" I:A(I:I+1):MA,DXc1+1)’1,-2(1))/A(1.1)
INCREMENT AND TEST CONVERGENCE
10P=0,0
Lo 342 I=i,N
TEMP=X(I)
XCI)=DADIXCI)LOXCI )
DELX=ABS (XCI)=TEMP)
TOP=AMAXL1(TOP,DELYX)
COUNTINUE
LF(TOP=EPSX)381»381,369
CONT LNUE
IT=0
RETUKN

RESTURE A AND B8

CONTINUE
DO 709 K=31sN
L=NP 1=K
IP=IRPCI)
LIFCI=IP)701,709,701
TEMP=28(I)
BCI)=BCIP)
B{IP)=TEMP
DO 702 J=1,N
TEMP=AACT, )
AACI»J)=AACIP,J)
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SLV4098
SLV34099:

SLV4100

SLV4101

sLV4102

SLV4103

SLV4104.
SLV4105:
SLV4106:
SLV4107-
SLV4108
SLV4109:
SLV4110.
SLV4111¢
sLvag12(
SLV4113¢C
SLV4114C
SLV4118¢
SLV4116¢(
SLV4117(C
sSLv4118¢(
SLVa119¢
$1LV4120¢(
SLV4121¢
SLV4122¢
SLV4123¢
sLVat24¢
sLv4125
SLV4126¢
SLV4127¢
SLV4128¢
SLVa129¢
SLV4130¢
SLV4131¢(
SLV4132¢
SLV4133¢
SLVA134(
SLVa4135¢C
SLV4a136¢
SLV4137¢(
SLV4338¢(
SLV4139¢(
sLVat140¢
SLV4141¢C
StLVat42¢
SLV4143(
SLVa144(
SLV4145¢
SLV4146¢C
SLVA147¢C
SLvai48c
SLVa149¢C
SLV4150¢
SLV4151C
SLv4152¢
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709 CONTINUE
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AACIP,J)=TEMP

DO 729 I=gsN

BCI)aB(I)/RMCI)
VO 729 J=i,N
ACTsJY=AACT»J)/RMCT)
729 CONTINUE
RETURN
END
$IBMAP DOT 84
* DOT AND FRIENDS ROUTINES FOR USE WITH SOLVE
ENTRY DOT (N»AC1)sMASB(1),MB,C) DOUBLE INNER PRODUCTY
ENTRY SDOT (NsAC1)»MA»B(1)sMBs»C) INNER PRODUCT
ENTRY 1L0G2 C(A) FLOATING POINT EXPONENT
ENTHY DAD CAeB) ADD WITH ROUND
*
SNAD MACRU M STORE NEGATIVE OF ADDRESS IN DECREMENT
sus =0100000 COMPLEMENT IF PQSITIVE
ALS 18
STD M
ENDM SNAD
*
pDovT SAVLE 15224
ST2 S
$TZ S+1
CLA* 824 C
LDQ C+1
STO0 ¢
CLA* 324 N
TZE NONE SKIP LOOP IF N = 0
$TQ N
CLA 424 BASE ADDRESS OF A
PAC 1 X1==(BASE OF A)
CLA* 524 MA
SNAD MA
CLA 624 BASE ADDRESS OF B
PAC »2 X2==(BASE OF B)
CLA* 724 MB
SNAU Mg
LXA N» & X4q=N
LO0OP LDG 0s1 ACID
FMP 0,2 B¢lI)
OF AU S
DST S
MA TXI *t1p1phn (X1)=(X1)4MA
MB X1 *+1p25%% (X2)=3(X2)+MB
TIX LO0P,451 END DF MAIN LOOP
NONE DFAUV C
FRN
RETURN DOT
'Y
SDOT SAVE 12254
$TZ S
CLA* 8s54
STO C

SLV4153
SLVa154
SLVA15S
SLVa156
SLV4157
SLV4158
SLV4159
SLV4160
$LV4161
D0T4000
povT4001
DOT4002
pOT4003.
DOT4004,
DOT4005¢
DOT4006¢
DOT4007¢
DOT4008¢C
DOT4009¢
DOT4010¢(
DOT4011¢
DOT4012¢
DOT401 3¢
DOT401 41
pOT4015¢
DOT4016¢
DOTAH0LT
DOT4018¢
DOT4019¢
00T4020¢
poT4021¢
noT4022¢
DET4023¢
NoT4024¢
poT4025¢
DOT4026¢
pOT4027¢
pov4028¢
DOT4029¢
DOT4030C
noT4034¢
poT4032¢
p0T4033¢(
DOT4034¢
DOT4035¢C
DOT4H036(
poT4037¢C
DoT4038¢C
neT4039¢0
poT4040¢0
DOT40410
DOT40420
00T40430
DOT40440
DOT40450



SLOOP

SMA
SMB
SNONE

*
1L0G2

DAD

CLA®
fie
STO
CLA
PAC
CLA®
SNAD
CLA
PAC
CLA*
SNAU
LXA
LDQ
FMP
FAD
STO
TX1
X1
TIX
FAD
RETURN

CAL*
ANA
sus
ARS
TRA

CLA*
FAD*
FRN
TRA

EVEN
P2E
PZE
PZE
PZE
PZE
END -

S .
*tlolpkn
*'.'1}2,**
sLOOP, 4,1

¢
sDOT-

304

20377000000000
20200000000000

27
154

324
hodh

14

DOT4046¢
DOT4047¢

DOTa0A4B
DOTa049¢
pOT4050¢
DOTAOS1!
DotTao0s52t
pOT4053¢
DOTA0S4¢
DOT40551
pOT40S6!
DOT4057¢
DOT4058¢
0aT4059¢
pDOT4060C
DoT4061C
DOT4062C
pDOT4063C
DoT4064C
00T4065¢
DOT4066¢(
pOT4067¢
DOTH06A(
DOT4069¢C
poT4070¢
poT4071¢(
poT4072(
DOT4Q7 3¢
DOT4074¢(
norTao7se
DOT4076¢
noT4077(
DOoT4078¢
DOT4079C
DOT40800
00T4081¢C
DoT4082¢
DOT4083¢C
DOT40840
notTaoasc



Six-Dimensional Clagsification of Spectra 52

This program essentially computes the distance from an unknown
spectrum of six bands to the means of three general terrain types--
all this in theoretically six dimensions of transmittance. The group
which is closest to the unknown spectrum is then assumed to be the
most likely choice and is printed in the proper location. This dis-
tance is known as the Mahalanobis or M~distance and is an extension of
the Pythagorean theorem. In this program the distance in two di-
mensions is computed and this distance used to compute the third
dimension, and higher dimensions in sequence up to six.

The means of the bands for each group are input using a DATA
statement, as are the names of these groups. The spectra cards are
used in the format first presented for the remaining'input, while
the output consists of the six-letter code name of the group selected
for each spectrum and its distance in percent transmittance to the
unknown spectrum. If the amount of variation in the spectra being
classified is great, then this may cause many of them to be incorrectly
identified. A large variation of one band relative to another is

the greatest weakness of this system.
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$J0B RS63 18408 2 800  BALLEW, GARY 233 6*D GEOMAP
s18408
SIBFTC MAIN :
C MULTIDIMENSIONAL CLASSIFICATION OF MULTIBAND SPECTRA
DIMENSION TITLEC12)» SYMBOL(60),XNAMEC 5)» BAND(5»926)»
1 AMEANC(3,6), ANAMEC3)» RMINCS), D2¢(3)
DATA CANAMECNG)» NG=1,3)/ 6HRHYOLT» 6HPUMICEs O6HSHADOW/
DATA (CAMEANCNG, I)» I=1,6),NG=1,3) /7 0,65167, Oe71111, 1,33167,
1 1,82056, 1,19667» 2.64833,
2 0.,54696, 0.43913, 0,47870, 0,68239, 0.48196s 0.,74174,
3 0.,40000, 0.27467» 0.31600, 0,05133, 0,35533, 0.52067/
DATA (SYMBULCL) »sL=1560) /7 60%1{H,./
1000 READ(S,1)(TITLECK) sK=1512)
1 FORMAT(12A6)
WRITEC622) (TITLE(K)» K=1,12)
2 FORMAT(1H1,12A6)
WRITEC6,401)CSYMBOL(L)»L=1,60)
WRITEC65303)
WRITE(65303)
READ(S,3) C(C(BAND(NXsNY»I)sI= 1,6), NY=z1,9) ,Nx=1,5)
3 FORMAT (36Xs6F4,2)
DO 4U0 NY=1,9
DO 300 NX=1,5
RMINCNXI=0.0
DO 2V0 NG=1,3
D2(NG) = 0.0
DO 100 I=21,6 .
D2(NG) =D2(NG) + (AMEANCNG,I) =BAND(NXsNY,I)) =
1 (AMEANCNG»I) = BAND(NXsNYsI))
100 CONTINUE
IFC(D2(NG) LLE,RMINC(NX)) G0 TO 201
GO Tu 200 o
201 RMINCNX) = SQRTCD2(NG))
XNAMECNX)= ANAME(NG)
200 CONTLINUE
300 CONTINUE
WRITEC62301)CXNAMECNX) sNX=155)

301 FORMAI(LHT» 7TH, » SCA624X)s 3H )
WRITE(65,302) (RMIN(NX),NX=1,5)

302 FORMAT( 3Hs » 5F1044 , 7H o)
WRITE(62303) '

303 FORMATC(LIHT, 1H,» 58X5 1H,)
400 CONTINUE
WRITE(62,401)CSYMBAL(L)»L=1,60)
401 FORMAT(LHT» 60A1)
GO Tu 10090
RETUKN
END

732 PRECEDES B5000 AND IBJOB DATA CARDS
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Sum of Probabilities Method of Classification

In order to account for the variation between deviations within
six bands, a statistical method of multivariate analysis appears
to give the best results. ﬁy using this program,'ﬁhe probability
that an unknown spectrum may belong to a group is computed for each
band by assuming that this is a function of a normal error curve.
The position and shape of this curve is determined by the mean and
standard deviation of the ideal groups in each of the six bands, and
the probabilities are summed for each of the major groups being con-
sidered. For this purpose the error function ERE is called from the
library of mathematical functions and suitably modified.

The input for the program consists of data cards of 45 spectra
arranged as first described in this writeup. The output is a map
of most probable spectra and their probabilities of being correct.
A six-letter code word is printed along with the probability of its
being the group selected as most likely, as the code words are in-
put with the means and standard deviations by use of DATA statements.

Groups with extremely large standard deviations or an exceptionally.
large number of ideal spectra should be avoided, as the groups with
the largest deviations will be chosen a disproportionate percent

of the time.
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$J0B R563 18408 2 800 BALLEW, GARY 233 SUM PROBS 4 POSS
$18J0B
SIBFTC MAIN
C SumM OF PROBABILITIES MAP
DIMENSION TITLE(12)» SYMBOL(60),XNAME(S)sBAND(S,926)>
1 SUM(3)» AMEANCGs»6)» SIGMA(A»6)s ANAME(4) s RMAX(S)
DATA (ANAME(NG),NG=1,4) / 6HRHYOLT» 6HPUMICE» 6HSHADQW »
1 6HPUMISG / _
DATA (CAMEAN(NG, 1I)» I=1,6),NG=154) / 0,65167, 0.71111, 1.33167,
i 1.82_056’ 119667, 2,64833,
2 0,04696, 0,43913, 0,47870» 0,68239, 0,48196» 0,74174,
3 0440000, 0274675 0,31400, 0.,45133, 0,35533, 0.,52067,
4 0,65270, 0.,58919» 0,60635, 0,92770, 0.62703» 1,03851/
DATA CCSIGMAINGs I)» I=156)» NG=154) / 0.16745, 0,200481, 0.,82748,

1 0,68870s 0,51649» 1,47826, SIG 1
2 0,12811» 0,15430» 0,22833, 0,30602, 0,18508, 0,30488, $16 2
3 0,11582» 0,12141» 0,23561, 0.271265 0,16591» 0,43310 , SI16 3
4 0,20135, 0.22041, 0,28852, 0,36734» 0,26782» 050920/ SIG 04

DATA C(SYMBOLCL) sL=1560) /7 60%1H,/
1000 READC(SS1I(CTITLECK) »K=1512)
1 FORMAT(12A6)
WRITL(622) (TITLEC(K), K=1,12)
2 FORMAT(1HI»1246)
WRITEL(6,401)(SYMBOLCL)»L=1,60)
WRITE(65303)
WRITE(65303)
READ(5,3) C(C(BAND(NXsNYsI)sI= 1,6), NY=159) ,NXx=31{»5)
3 FORMAT (36Xs6F8,2)
DO 400 NY=1,9
DO 300 NX=1,5
RMAXLNX)=0.0
D0 200 NG=1,4
SUM(NG ) = 0,0
DO 10 I=156
ABSDIF = ABS(BANDOINXsNYs»I) = AMEANCNG,I))
SUM(NG) = SUM(NG) +(1,0 = FRF(ABSDIF 7/ (SIGMACNG»I1) *» (.414214 )))
1 /6,0 }
100 CONTLINUE
IF(SUMCNG)GE.RMAX(NX)) GO TO 201
GO Tu 200
201 RMAXC(NX) = SUM(NG)
XNAMECNX)= ANAME(C NG)
200 CONTINUE
300 CONTINUE
HRITECH2301)IXNAME(NX)sNX=1,5)

301 FORMAT(IHT, 7H, » S5CA624X)s 3H )
WRITE(65302) (RMAXINX)I,NX=155)

302 FURMATC 3He » SF1044 » 7H o)
WRITE(65303)

303 FORMATC1HT» 1h,» 58X, 1H,)
400 CONTINUE
WRITE(65401)C(SYMBOLC(L),»L=1,60)
401 FORMAT(1HT, 60A1)
GO Tu 1000
RETURN



232

END

PRECEDES 85000 AND 18408 DATA CARDS
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